Abstract Predictive mapping of susceptibility to earthquake-triggered landslides (ETLs) commonly uses distance to fault as spatial predictor, regardless of style-of-faulting. Here, we examined the hypothesis that the spatial pattern of ETLs is influenced by style-of-faulting based on distance distribution analysis and Fry analysis. The YingxiuBeichuan fault (YBF) in China and a huge number of landslides that ruptured and occurred, respectively, during the 2008 Wenchuan earthquake permitted this study because the style-of-faulting along the YBF varied from its southern to northern parts (i.e. mainly thrust-slip in the southern part, oblique-slip in the central part and mainly strike-slip in the northern part). On the YBF hanging-wall, ETLs at 4.4-4.7 and 10.3-11.5 km from the YBF are likely associated with strike-and thrust-slips, respectively. On the southern and central parts of the hanging-wall, ETLs at 7.5-8 km from the YBF are likely associated with obliqueslips. These findings indicate that the spatial pattern of ETLs is influenced by style-of-faulting. Based on knowledge about the style-of-faulting and by using evidential belief functions to create a predictor map based on proximity to faults, we obtained higher landslide prediction accuracy than by using unclassified faults. When distance from unclassified parts of the YBF is used as predictor, the prediction accuracy is 80 %; when distance from parts of the YBF, classified according to style-of-faulting, is used as predictor, the prediction accuracy is 93 %. Therefore, mapping and classification of faults and proper spatial representation of fault control on occurrence of ETLs are important in predictive mapping of susceptibility to ETLs.
Introduction
Landslides triggered by earthquakes are significant natural hazards to human life and property in many areas of the world. Predicting where earthquake-triggered landslides (ETLs) are likely to occur in relation to future earthquakes is difficult because scientifically reproducible predictions of where and when earthquakes will occur cannot be made yet. Nevertheless, as most earthquakes are associated with faults, many previous studies in predictive mapping of susceptibility to occurrence of ETLs (e.g. Bai et al. 2014; Jaafari et al. 2014; Pourghasemi et al. 2014; Regmi et al. 2014; Zhao et al. 2014) commonly use distance to (or from) every mapped fault as a spatial predictor, regardless of either orientation or style-of-faulting (i.e. strike-slip, dip-slip or oblique-slip). Implicit in this practice is the notion that every fault has equal influence on landslide occurrence. However, analysed the spatial pattern of landslides to determine which sets of faults, according to their strikes, are useful predictors of landslide susceptibility. They then showed that, compared with using distance to every fault (i.e. of various strikes), using distance to sets of faults of certain strikes and having positive spatial associations with landslides yields a better predictive map of landslide susceptibility. Thus, as Dai et al. (2011) remind us, studying '…the spatial pattern of landslides triggered by an earthquake is important in understanding what areas may be susceptible to landsliding in future earthquakes'.
In the last three decades, various studies have contributed to the understanding of susceptibility to landsliding associated with earthquakes by studying spatial patterns of ETLs in relation to earthquake magnitude (e.g. Keefer 1984 Keefer , 1993 Keefer , 1994 Keefer , 2002 Chen et al. 2012; Das et al. 2013; , ground motion parameters (e.g. Keefer 1984; Jibson and Keefer 1993; Eberhart-Phillips et al. 2003; Kaiser et al. 2012; Huang and Fan 2013; Gorum et al. 2014) , distance from epicentre or from fault rupture (e.g. Keefer 1984; Crozier et al. 1995; Eberhart-Phillips et al. 2003; Song et al. 2012; Li et al. 2013a, b; Yin 2014) , geological properties such as lithology and soil (e.g. Keefer 1984; Holzer 1994; Shou and Wang 2003; Malamud et al. 2004; Huang et al. 2014) , geomorphic features such rivers and ridges (Hewitt 1983; Yang 1992; Chang and Slaymaker 2002; Xu et al. 2012; Xu and Xu 2013; Pourghasemi et al. 2014) and topographic variables such as slope gradient and curvature (Hewitt 1983; Jibson and Keefer 1993; Chang and Slaymaker 2002; Xu et al. 2012; Xu 2013, 2014) . Among these studies, those in the first two of the last three decades (e.g. Hewitt 1983; Keefer 1984 Keefer , 1993 Keefer , 1994 Keefer , 2002 Jibson and Keefer 1993; Eberhart-Phillips et al. 2003; Shou and Wang 2003) have formed the bases of various studies in using a geographic information system (GIS) for predictive mapping of susceptibility to occurrence of ETLs (e.g. Bai et al. 2014; Jaafari et al. 2014; Pourghasemi et al. 2014; Regmi et al. 2014; Zhao et al. 2014) .
The studies cited in the preceding paragraph only provide implicit relationships between spatial patterns of ETLs and style-of-faulting (i.e. based on slip direction). However, differences in style-of-faulting represent variations in distribution of stress and vice versa, which influence variations in seismicity or ground motion parameters Tesón et al. 2013; Bradley et al. 2014) . Accordingly, different styles-of-faulting have different influence on geomorphic processes such as landsliding (e.g. Wu and Chen 2011; Huang et al. 2012; Huang and Fan 2013; . Based on two-and three-dimensional dynamic simulations of dipping faults, for the same initial stress magnitude, thrust (or reverse dip-slip) faults can produce much higher fault and ground motion than normal and strike-slip faults (Oglesby and Day 2002; Beavan et al. 2012; Shi and Day 2013; Gabuchian et al. 2014) . Considering that landslides are important components of a geomorphic system, Scheidegger (2001) emphasized that ongoing tectonic movements, especially neo-tectonic processes, have much more profound influence on geomorphic systems and, thus, on landslide formation than the generally assumed factors of geomorphic development. Later studies elsewhere, based on two-and three-dimensional dynamic simulations of dipping faults, show that, for the same initial stress magnitude, thrust (or reverse dipslip) faults can produce much higher fault and ground motion than normal and strike-slip faults (Nielsen 1998; Shi et al. 1998; Oglesby et al. 1998 Oglesby et al. , 2000a Oglesby and Day 2002) . However, while the relationship of ETLs with various factors is relatively well known, little is known about the role of fault slips and orientations in co-seismic landsliding and their influence on the spatial pattern of ETLs. Therefore, analysis of the spatial pattern of ETLs in relation to style-of-faulting would contribute further to the understanding of susceptibility to occurrence of ETLs.
In this paper, we examine the hypothesis that the spatial pattern of ETLs is influenced by style-of-faulting. To do so, we chose the 240-km-long Yingxiu-Beichuan fault (YBF) as reference because of two reasons. Firstly, it was associated with the 2008 Wenchuan earthquake that triggered a huge number of landslides (Ouimet 2009; Chigira et al. 2010; Dai et al. 2011; Tang et al. 2010; Yin et al. 2010; Zhuang et al. 2010; Xu and Xu 2013; Xu et al. 2012 (Fig. 1) . Secondly, the style-of-faulting along the YBF, from its southern to northern parts, varied from mainly thrust-slip to mainly strike-slip Lin et al. 2009; Wan and Shen 2010) (Fig. 2) . Based on these two reasons, we examined the above hypothesis by investigating two research questions. Firstly, given that style-of-faulting can vary along a fault, can we classify that fault according to predominant style-of-faulting based on the spatial pattern of associated ETLs? This question bears the importance of mapping and classification of faults prior to predictive mapping of susceptibility to occurrence of ETLs. Secondly, granted that parts of a fault can be classified according to predominant style-of-faulting, how does the spatial pattern of associated ETLs vary with respect to predominant style-of-faulting? This question bears the importance of proper representation of predictors in predictive mapping of susceptibility to occurrence of ETLs. Thus, we also show here that using classified faults, rather than using un-classified faults, provides for better spatial representation of fault control as a predictor of susceptibility to occurrence of ETLs. This study, using the ETL inventory of Gorum et al. (2011) , was conducted from 2011 to 2012 in the University of Twente (Netherlands).
Study area

Tectonic setting and the 2008 earthquake
The 12 May 2008 M w 7.9 Wenchuan earthquake occurred in the NE-trending Longmenshan thrust fault belt along the eastern margin of the Tibetan Plateau that borders with the Sichuan Basin (Fig. 2) . This fault belt, a spectacular mountain range, has developed due to the convergence of the Tibetan Plateau with the Sichuan Basin since Late Triassic (Burchfiel et al. 1995; Li et al. 2003; Richardson et al. 2008) . Because of that convergence, a complex package of rocks, including Triassic marine sedimentary rocks of the Songpan-Ganzi remnant ocean basin (Zhou and Graham 1996) , was thrusted to the southeast over the margin of the South China block, creating a Late Triassic foreland basin. The fault belt consists of a series of active parallel thrusts (Fig. 2) , among which the WenchuanMaowen fault, Yingxiu-Beichuan fault (YBF) and Pengguan fault (PF) are seismogenic (Li et al. 2003; Densmore et al. 2007) .
The 2008 Wenchuan earthquake, which initiated close to the south end of the YBF and propagated unilaterally towards the NE for about 320 km Xu et al. 2009 ), ruptured both the YBF (240 km long) and PF (70 km long) (Fig. 2) . Shen et al. (2009) showed that the rupture along the southern parts of the YBF has different geometry than the rupture along its northern parts from SW of Beichuan towards NE (Fig. 3) . The north-west dips of the YBF are, on average, 43°-44°along its southern parts and increase to 49°-50°along its central parts approximately around Beichuan, and they are at least 55°to nearly vertical in its northern parts. These variations in the geometry of the YBF have corresponding variations in coseismic slip directions and slip rates (Liu-Zeng et al. 2009; Xu et al. 2009 ). Nakamura et al. (2010) and Zhao et al. (2010) showed that the rupture along the YBF was due to two major seismic sub-events (Fig. 2) , one that occurred near Yingxiu had mainly thrust-slip components and the other that occurred near Beichuan had mainly right-lateral strike-slip components. Zhao et al. (2010) further showed that the Wenchuan earthquake consisted of five sub-events of M w C 7.3 that occurred successively in time and space (Fig. 2) . They also pointed out that the surface rupture consisted of two areas with large slips. One area with large slips was Dujiangyan-Mianzhu located 20-80 km NE from the epicentre. In this area, the rupture had large thrust-slips within depths of \15 km (Fig. 4) . Around Mianzhu near Leigu, the thrust-slips converted to dextral strike-slips, which extended northwards along the YBF to Qingchuan forming another area, 140-260 km NE from the epicentre, with large slips within depths of \10 km (Fig. 4) .
Several studies (e.g. Parsons et al. 2008; Lin et al. 2009; Liu-Zeng et al. 2009; Zhang et al. 2010; Fu et al. 2011; Li et al. 2013a, b; Wang et al. 2014) have shown that in the southern parts of the YBF thrust-slip components were larger than strike-slip components, whereas in the northern parts of the YBF strike-slip components were larger than thrust-slip components (Fig. 4) . Northwards from Leigu, about 5 km SW of Beichuan, the dextral strike-slip components became roughly equal to, or Fig. 2 for locations) of earthquake-induced landslides on the hanging wall (HW) with different slip components of the Yingxiu-Beichuan fault surface rupture (locations indicated by white vertical arrows). Earthquake-induced landslides on hangingwall with a predominantly thrust-slip components at Yingxiu, b predominantly oblique-slip components at Beichuan and c predominantly strike-slip components at roughly 12 km N of Chenjiaba. Ra rock avalanche, Rf rockfall, Ds debris fall, DRs deep-seated rock slide, DDs deep-seated debris slide, SDs shallow debris slide, SDfw shallow debris flow slightly larger than, the vertical offsets measured at many localities by Liu-Zeng et al. (2009) and Xu et al. (2009) . The strike-slip components then increased fairly near Chenjiaba (10 km NE of Beichuan). The average vertical offset along the YBF was 3-4 m, with maxima of 6.5 ± 0.5 m at north of Beichuan (31°50 0 18.6 00 N, 104°28 0 3.6 00 E) in the northern parts and 6.2 ± 0.5 m at Yingxiu near the branching point in the southern parts ). The maximum dextral strike-slip offset identified by Xu et al. (2009) was 4.9 ± 0.5 m at Pingtong (31°5 0 23.8 00 N, 103°36 0 56.9 00 E).
Earthquake-triggered landslides associated with the 2008 earthquake
The 2008 Wenchuan earthquake triggered and resulted in several tens of thousands of individual landslides of different types and sizes, which made it one of the most extreme catastrophes in terms of ETLs in the last century (Ouimet 2009; Chigira et al. 2010; Dai et al. 2011; Tang et al. 2010; Yin et al. 2010; Zhuang et al. 2010; . The most common types of landslides associated with that seismic event were (2008)). The map shows also the moment tensor solutions of the earthquake and the distribution of sub-events (red-white 'beach ball'), their mechanisms and their time relative to the initial origin times (from Zhao et al. (2010) . Traces of following faults are adopted from Xu et al. (2009) : WMF Wenchuan-Maowen fault, YBF Yingxiu-Beichuan fault, PF Pengguan fault, JGF Jiangyou-Guanxian fault, QCF Qingchuan fault. PL location of photographs shown in Fig. 1 rockfalls, rock avalanches and rock-debris slides (Chigira et al. 2010; Dai et al. 2011 ). Large and deep-seated landslides were quite common, especially close to the fault ruptures (Fig. 1) , and they occurred mostly in the southern and central parts of the hanging-wall of the YBF, whereas smaller and shallow landslides occurred mainly on the hanging-wall of the YBF (Figs. 1, 5) . Most of the landslides occurred, however, in highly fractured and jointed Precambrian crystalline and metamorphic rocks, in weakly cemented and weathered Cambrian sedimentary rocks and in pre-existing landslide deposits (Dai et al. 2011) . By processing and interpreting various pre-and postearthquake, high spatial resolution satellite images (ASTER, 15 m; ALOS, 2.5 m; Cartosat-1, 2.5 m; SPOT-5, 2.5-5 m; IKONOS, 1-4 m), Gorum et al. (2011) identified 60,104 individual initiation points (or locations) of the landslides triggered by the 2008 Wenchuan earthquake (Fig. 5 ). This inventory of earthquake-triggered landslide initiation points was used by Gorum et al. (2011) to analyse the influence of the dynamic rupture processes on the distribution of ETLs associated with the 2008 Wenchuan earthquake. Based on this inventory of earthquake-triggered landslide initiation points, we can see that the ETLs were widely and densely distributed around the southern to dextral-slip amplitudes (c) and model surface offsets (columns) are compared with field observations (thin lines; adopted from Xu et al. 2009 ). PF Pengguan fault central parts of the YBF but narrowly and sparsely distributed around the northern parts of the YBF (Fig. 5a ). In addition, the inventory of earthquake-triggered landslide initiation points indicates that about 70 % of the ETLs occurred in the area between Yingxiu and Beichuan ( Fig. 5d, e) , and this observation coheres with the high vertical slip rates measured by Liu-Zeng et al. (2009) and Xu et al. (2009) in that area (Fig. 5b) . Moreover, the inventory of earthquake-triggered landslide initiation points of Gorum et al. (2011) indicates that about 60 % of the ETLs occurred on the hanging-wall of the YBF, whereas about 15 % of the ETLs occurred on the hangingwall of the PF (Fig. 5a ). The remaining 25 % of the ETLs occurred on slopes of deeply incised valleys much farther (about 25 km) to the west of the YBF or on the footwall of either the YBF or the PF (Fig. 5a) .
Apparently, the distribution of the ETLs on the hangingwall of the YBF was widest (up to about 17 km) in its southern part, intermediate (up to about 10 km) in its central part and narrowest (up to about 3.5 km) in its northern part (Fig. 5a ). In the longitudinal swath profile (18 km wide and 240 km long) that we constructed on the hanging-wall of the YBF (Fig. 5d) , the density of ETLs (number of landslide per km 2 ) decreases from south to north along strike of the surface rupture of this fault (Fig. 5d) . On the hanging-wall of the YBF with predominantly thrust-slip component (PdTC), or in the area between Yingxiu and Beichuan where the vertical coseismic offsets are relatively larger than the horizontal coseismic offsets (Fig. 5b, c) , the average density of ETLs is generally more than 20 km -2 with a maximum density of 54 km -2 (Fig. 5d ). In contrast, on the hanging-wall of the et al. (2009) , show that the YBF can be divided into three parts depending on whether they have predominantly thrust components (PdTC), predominantly strike-slip components (PdSC) or predominantly oblique components (PdOC). The graph in (d) illustrates that, in the selected co-seismic fault plane boundary shown in (a), alongstrike swath profile of earthquake-induced landslide density varies depending on the predominant fault slip components along the YBF. The box-whisker plot in (e) illustrates that, in the selected co-seismic fault plane boundary shown in (a), the total area affected by earthquake-induced landslides also varies depending on the predominant fault slip components along the YBF. In the map, the following rivers are indicated: MJR Minjiang River, ZR Zagunao River, HR Heishuehe River, MYR Mianyuan River, JJR Jianjiang River, QR Qingzhu River. For fault names in the map, see Fig. 1 YBF with predominantly strike-slip component (PdSsC), or in the area between Beichuan and Qingchuan where the horizontal co-seismic offsets are relatively larger than the vertical co-seismic offsets (Fig. 5b, c) , the average density of ETLs is generally less than 15 km -2 with a maximum density of 30 km -2 (Fig. 5d) . Moreover, ETLs on the hanging-wall of the YBF with PdTC have higher areal coverage than ETLs on the hanging-wall of the YBF with PdSsC (Fig. 3e) . Finally, in the area between 30 km south and 30 km north of Beichuan, where horizontal co-seismic offsets and vertical co-seismic offsets are roughly equal (Figs. 4a-c, 5b, c) , the YBF has a predominantly obliqueslip component (PdOC). On the hanging-wall of the YBF with PdOC, the average density of ETLs is lower than on the hanging-wall of the YBF with PdTC but is higher than on the hanging-wall of the YBF with PdSsC (Fig. 5d) . The foregoing observations and initial analyses indicate, therefore, that the spatial pattern of ETLs depends on styleof-faulting. In the following section, we investigate dependency of spatial pattern of ETLs on style-of-faulting.
Materials and methods
To examine the hypothesis that the spatial pattern of ETLs is influenced by style-of-faulting, we investigated two research questions. Firstly, given that style-of-faulting can vary along a fault, can we classify that fault according to predominant style-of-faulting based on the spatial pattern of associated ETLs? Secondly, granted that parts of a fault can be classified according to predominant style-of-faulting, how does the spatial pattern of associated ETLs vary with respect to predominant style-of-faulting? To investigate these two research questions, we applied the distance distribution analysis (see ''Distance distribution analysis of landslide distribution'' section) to characterize the spatial pattern of ETLs and we investigated further our interpretations of the distance distribution analyses by application of Fry analysis (see ''Fry analysis of landslide distribution'' section). Finally, we applied evidential belief functions (see ''Representation of fault control on susceptibility to landsliding'' section) to test whether using classified faults, compared with using un-classified faults, improves prediction accuracy of landslide susceptibility mapping.
Distance distribution analysis of landslide distribution
In previous studies in the study area (Huang and Li 2009; Dai et al. 2011; Yin et al. 2010; Zhuang et al. 2010) , the spatial pattern of ETLs with respect to distance from the YBF was characterized by the number or percentage of landslides (depicted as points) per unit of cumulative increasing area of its footwall or hanging-wall. This method is, however, inadequate for examining spatial dependency of a set of point objects on another set of objects. That is because spatial dependency is not associated with random chance and must be examined properly via probabilistic methods. Here, we applied the distance distribution analysis, which is a probabilistic method formalized by Berman (1977 Berman ( , 1986 for measuring spatial association between a set of point objects and another set of objects. The formalism of the distance distribution method is complex, and for details, the readers are referred directly to the seminal papers of Berman (1977 Berman ( , 1986 ; however, the following discussion for its application here is simplified.
The distance distribution analysis involves constructing two graphs. One graph [denoted as D(L)] represents cumulative relative frequency distribution of distances from a set of objects (e.g. surface ruptures along the YBF) to every location. The other graph [denoted as D(NL)] represents cumulative relative frequency distribution of distances from the same set of object(s) to locations of individual ETLs (depicted as points). In this study, the D(L) is considered a non-random probability distribution of ETLs with respect to surface ruptures along the YBF, whereas the D(NL) is considered a random probability distribution of (mostly) non-landslide locations with respect to the same set of spatial objects.
To determine whether ETLs are associated spatially with surface ruptures along the YBF, the D(L) is compared with the D(NL) by calculating the Kolmogorov- (Berman 1977 (Berman , 1986 . The statistical significance of D can be evaluated through a Chisquare (v 2 ) test (for details, see Chernoff and Lehmann 1954 or Plackett 1983 ). Positive and negative values of D represent how much the likelihood of earthquake-triggered landslide occurrence associated with surface ruptures along the YBF is, respectively, higher or lower than would be expected due to random chance. A value of D % 0 implies that ETLs under study lack spatial association with surface ruptures along the YBF. A value of D [ 0 implies that ETLs under study have positive spatial association with surface ruptures along the YBF. A value of D \ 0 implies that ETLs under study have negative spatial association with surface ruptures along the YBF. A positive, rather than negative, spatial association between a set of point objects and another set of objects is regarded as spatial dependence (Berman 1977 (Berman , 1986 ). Thus, the highest peak in a graph of D versus distance (or the difference curve) represents distance from reference objects within which there is optimum positive spatial association between those objects and a set of point objects.
Fry analysis of landslide distribution
Fry analysis (Fry 1979 ) is a graphical method of spatial autocorrelation analysis of a set of point objects (e.g. ETLs depicted on district-to regional-scale maps). The formalism of this method is complex, and for details, the readers are referred directly to the seminal papers of Fry (1979) and Hanna and Fry (1979) ; however, the following discussion for its application here is informal and simplified. The method translates point objects into a Fry plot by using every point as an origin for translation. On a map of point objects, N-S and E-W reference lines are drawn. On a second but empty map, N-S-and E-W-trending reference lines are also drawn and an origin for translation is marked at the intersection of an N-S reference line and an E-W reference line. The origin in the second map is placed on top of one of the points in the first map, the reference lines in both maps are kept parallel, and the positions of all the points are recorded in the second map. The origin in the second map is then placed on top of a different point in the first map, the reference lines in both maps are kept parallel, and the positions of all the points are recorded again in the second map. The procedure is repeated until all the points in the first map have been used as the origin in the second map. If the number of points is n, the number of point translations is n 2 -n. These point translations, called Fry points, were developed originally to investigate strain and strain partitioning in rocks (Fry 1979; Hanna and Fry 1979) .
Based on a Fry plot, a rose diagram can be created for visual analysis of trends between (a) all pairs of Fry points and (b) pairs of Fry points within specified distances from each other. The former analysis reveals trends that can be associated with regional-scale geological processes or are artefacts of the shape of study area, whereas the latter analysis reveals trends that can be associated with localscale geological processes. Analysis of Fry points within specified distances from each other is, in this study, apt for studying trends in the spatial pattern of ETLs that are likely associated with style-of-faulting along earthquake faults. For this purpose, we considered to use minimum distance from every earthquake-triggered landslide within which there is probability of only one neighbour earthquaketriggered landslide. This minimum distance (60 m for the ETLs in the 21-km-wide zone on the hanging-wall of the YBF) can be determined via point pattern analysis (see Boots and Getis (1988) for details). We made that consideration because it is likely that any two ETLs, within that distance from each other, are controlled by the same process(es).
Representation of fault control on susceptibility to landsliding Predictive mapping of susceptibility to landsliding requires representation and integration of known spatial factors as layers of evidence of that phenomenon. This means that a layer of evidence of landslide susceptibility should adequately capture the process involved and spatial association between landslides and a spatial factor (style-of-faulting).
In this paper, we use data-driven evidential belief functions (EBFs), which are based on the Dempster-Shafer theory of belief (Dempster 1967; Shafer 1976) for representing degrees of belief that evidence supports a proposition and thus represents spatial association between evidence and phenomenon under study. The EBFs to be estimated are belief (Bel), disbelief (Dis) and uncertainty (Unc). Bel is a lower degree of belief in evidence with respect to a proposition. Dis is a degree of disbelief in evidence with respect to that proposition. Unc is 'ignorance' or 'doubt' in evidence with respect to that proposition. The sum Bel ? Unc ? Dis for evidence with respect to any proposition is equal to 1 (i.e. maximum probability). Unc influences the relation between Bel and Dis. If Unc = 0 (i.e. complete knowledge about an evidence), Bel ? -Dis = 1 and the relation between Bel and Dis is binary (i.e. Bel = 1 -Dis or Dis = 1 -Bel), as in the theory of probability. If Unc = 1 (i.e. complete ignorance about an evidence), Bel and Dis are both equal to zero, because, if there is complete uncertainty, there can be neither belief nor disbelief. Usually, however, Unc is neither equal to zero nor equal to one. If 0 \ Unc \ 1, then Bel = 1 -Dis -Unc or Dis = 1 -Bel -Unc, meaning that the relation between Bel and Dis is not binary because some uncertainty is present. Thus, one should estimate not only Bel but also Dis and Unc for any evidence (e.g. distance to fault) used to evaluate a proposition (e.g. 'this location is prone to earthquake-triggered landsliding').
Estimation of EBFs of evidence with respect to certain propositions has traditionally been knowledge driven (i.e. based on expert opinion), which is subjective because (a) no two experts will have the same opinion about an evidence for a certain proposition and (b) differentiating between and, thus, estimating Dis and Unc is conceptually difficult. However, Carranza and Hale (2003) have developed a method using a GIS for data-driven estimation of EBFs of spatial evidence of mineral prospectivity. Details of data-driven estimation of EBFs are not given here, but can be found in Carranza and Castro (2006) or , who used that method for predictive mapping of susceptibility to, respectively, distal laharinundation in Mount Pinatubo (Philippines) and rock sliding in Darjeeling Himalaya (India).
Results and discussion
Distance distribution analysis of landslide distribution To examine the above-stated hypothesis without loss of generality, we applied the distance distribution analysis to characterize the spatial pattern of ETLs in a 240-km-long zone on the hanging-wall of the YBF (Fig. 5 ). This zone is the surface projection of the co-seismic fault plane boundary of the YBF (Figs. 4a, 5) defined by Shen et al. (2009) , except that we disregard the south-western-most portion of this fault plane boundary because its surface projection coincides with the hanging-wall of the Wenchuan-Maowen fault (WMF). The jagged south-western boundary of the considered zone is due to the cell configurations used by Shen et al. (2009) (Fig. 4a-c) . The western boundary of the considered zone is at most 21 km from the surface ruptures of the YBF. This distance is roughly the average of various reported widths of zones on the hanging-wall of the YBF with the highest density of ETLs (i.e. *25-30 km (Ouimet 2009; Dai et al. 2011) , 11.5 km (Yin et al. 2010) , 15 km (Zhuang et al. 2010) , 30 km (Chigira et al. 2010) ). Thus, based on findings of previous studies in the area, we believe that constraining the examination of the above-stated hypothesis within the defined 240-km-long and 21-km-wide zone on the hangingwall of the YBF is likely to give significant and interesting findings. In applying distance distribution analysis, we used a map unit cell size of 100 m to represent every location in the study area; thus, in the hanging-wall of the YBF, there are at least 400,000 unit cells, of which at least 28,000 unit cells contain at least one ETL. Because of these large numbers of unit cells, all the results of distance distribution analysis indicated statistically significant spatial patterns.
To investigate the first research question, we performed two sets of distance distribution analysis using distances not from the surface ruptures of the YBF but from (1) the north end of the hanging-wall of the YBF and (2) the south end of the hanging-wall of the YBF. The purpose of these analyses is to classify the parts of the hanging-wall of the YBF, in terms of style-of-faulting, with respect to variations in the spatial pattern of the ETLs from the north and south ends of the hanging-wall of the YBF. The analyses indicate relative paucity and relative abundance of ETLs, respectively, within and beyond 110 km of the north end of the hanging-wall of the YBF (Fig. 6a1) . The analyses also indicate relative abundance and relative paucity of ETLs, respectively, within and beyond 130 km of the south end of the hanging-wall of the YBF (Fig. 6a2) . These suggest that, about 18 km SSW to about 26 km W of Beichuan, slips along the hanging-wall of the YBF changed from mainly thrust-slip in the south to mainly strike-slip in the north (Fig. 6a3) . We believe, nonetheless, that there was a zone between the southern and northern parts of the hanging-wall of the YBF wherein oblique-slips had roughly equal thrust-and strike-slip components. To examine this belief, we used the transition line in Fig. 6a3 as reference for another two sets of distance distribution analysis. The analysis shown in Fig. 6b1 indicates relative abundance of ETLs within 30 km from the transition line towards the north end of the hanging-wall of the YBF. The analysis shown in Fig. 6b2 indicates relative paucity of ETLs within 30 km from the transition line towards the south end of the hanging-wall of the YBF. The analyses shown in Fig. 6b1 , b2 are consistent with the knowledge that the predominant styles of co-seismic movements in the southern, central and northern parts of the YBF were different (Fig. 6b3) . The boundaries of these parts of the hanging-wall of the YBF as depicted in Fig. 6b3 are symbolic and not meant to portray where abrupt changes in style-of-faulting took place. However, the analyses suggest that the hanging-wall of the YBF can be divided into at least three sub-zones according to predominant style-offaulting (Fig. 6b3) , which are consistent with the analyses of Zhao et al. (2010) that the surface rupture along the YBF consisted of two large slip areas, one located 20-80 km NE from the epicentre (corresponding to our mainly thrust-slip southern part) and the other located 140-260 km NE from the epicentre (corresponding to our mainly strike-slip northern part). The analyses are also roughly consistent with fault slip distribution models (Nishimura and Yagi 2008; Wang et al. 2008a, b; Hao et al. 2009; (Fig. 4) and field-based offset measurements Liu-Zeng et al. 2009; Xu et al. 2009) (Fig. 5c, d) .
To investigate the second research question, we performed three sets of distance distribution analysis using distances from the surface ruptures of the YBF to every location and to landslide locations on the southern, central and northern parts of the hanging-wall of the YBF. The purpose of these analyses is to characterize the spatial pattern of ETLs in relation to differences in slips along the hanging-wall of the YBF. The analyses for the three parts of the hanging-wall of the YBF show that the ETLs under study have positive spatial associations with the YBF (Fig. 7) . However, the difference curves in Fig. 7 show that in the southern part, compared with the central and Fig. 6 Graphs of cumulative relative frequency of distances: to every location and to landslide locations from the a1 north end of hanging-wall of the YBF and a2 south end of hanging-wall of the YBF, which suggest a3 transition (solid line) of movements along the YBF from mostly dip-slip in the south part to mostly strike-slip in the north; and graphs of cumulative relative frequency of distances from the transition line to every location and to landslide locations on b1 the northern hanging-wall zone of the YBF and b2 the southern hanging-wall zone of the YBF, which suggest b3 three subzones with varying slips along the hanging-wall zone of the YBF northern parts, of the hanging-wall of the YBF there is lowest likelihood of occurrence of ETLs due to proximity to the YBF than would be expected due to random chance. This result may seem odd in view of the fact that about 60 % of ETLs on the hanging-wall of the YBF are located in its 100-m-long southern part (cf. Fig. 6b2 ). However, we interpret this 'odd' result to mean that, in the southern hanging-wall of the YBF, there are other factors of earthquake-triggered landslide occurrence that are likely more important than proximity to the YBF, although, in the central and northern hanging-wall of the YBF, those factors are likely less important than proximity to the YBF. For example, because the south end of the hanging-wall of the YBF is about 15 km from the epicentre of the 2008 Wenchuan earthquake (see Figs. 2, 4 and 5) , proximity to the earthquake epicentre rather than to the YBF is likely more important for earthquake-triggered landslide occurrence in the southern hanging-wall of the YBF but likely less important in the central and northern hanging-wall of the YBF. In addition, Precambrian crystalline and metamorphic rocks underlie the southern hanging-wall of the YBF, whereas Cambrian sedimentary rocks underlie the central and northern hanging-wall of the YBF, suggesting that lithology may have more influence on earthquaketriggered landslide occurrence in the southern hanging-wall of the YBF but less in the central and northern hangingwall of the YBF. Moreover, slope failures in brittle rock are sensitive to high accelerations commonly within higher frequencies of ground motion . However, Gorum et al. (2011) analysed the density of ETLs in two areas: one is homogeneously underlain by Precambrian crystalline rocks and the other by Cambrian sedimentary rocks. Each of these areas is located on the hanging-wall of the YBF with different fault geometries. Gorum et al. (2011) found that changes in lithology do not explain significant changes in the density of ETLs on the hangingwall of the YBF. In addition, Ouimet (2009) stated also that variations in the spatial pattern of ETLs relative to different components of the surface rupture do not correspond to changes in lithology. Besides those independent findings in the study area, the analyses shown in Fig. 7b , c, which pertain to areas underlain by Cambrian sedimentary rocks, show different spatial patterns of ETLs. Thus, changes in underlying lithology do not seem to have an influence on the spatial pattern of ETLs in the study area, although this may not be the case in other areas.
Nevertheless, Fig. 7 further illustrates interesting features in relation to the second research question as describe below. The distance distribution analysis for the southern hanging-wall of the YBF shows three peaks along the difference curve, suggesting the presence of three populations of ETLs lying at, respectively, roughly 4.7, 8 and 11.5 km from the YBF (Fig. 7a) . The distance distribution analysis for the central hanging-wall of the YBF shows three peaks along the difference curve, suggesting the presence of three populations of ETLs lying at, respectively, roughly 4.7, 7.5 and 10.3 km from the YBF Fig. 7 Graphs of cumulative relative frequency of distances from the YBF to every location and to landslide locations on different parts of its hanging-wall zone (see Fig. 6b3 ): a southern part, b central part and c northern part (Fig. 7b) . The distance distribution analysis for the northern hanging-wall of the YBF shows a major peak and a subtle peak along the difference curve, suggesting the presence of two populations of ETLs lying at, respectively, roughly 4.4 and 11.5 km from the YBF (Fig. 7c) . The similar maximum distances of spatial patterns of ETLs on the hanging-wall of the YBF (Fig. 7) are consistent with the findings of Yin et al. (2010) and Zhuang et al. (2010) about the widths of zones on the hanging-wall of the YBF with highest densities of ETLs (i.e. 11.5 and 15 km, respectively). However, the similar minimum and maximum distances of spatial pattern of ETLs on the hangingwall of the YBF and the similar intermediate distances of spatial patterns of ETLs on the southern and central parts of that zone require interpretation.
The results of distance distribution analysis to examine the second research question can be interpreted in view of aspect ratios of asperities of surface ruptures associated with earthquake faults. An asperity is a zone along a fault surface that has a larger slip rate compared with the average slip rate along that fault, and its along-strike length to down-dip width ratio is called its aspect ratio. Somerville et al. (1999) observed that asperities of strike-slip earthquake faults are roughly 29 larger than asperities of dipslip earthquake faults, which indicate that zones of strong ground motion associated with strike-slip earthquake faults are narrower than zones of strong ground motion associated with dip-slip earthquake faults. This is likely the case along the YBF in view of the changes in geometry of the different parts of this fault (Fig. 3) and variations in co-seismic slip distributions along this fault (Fig. 4) . If that is the case, the results of distance distribution analysis can be interpreted as follows. Within the defined 21-km-wide zone on the hanging-wall of the YBF, ETLs lying 4.4-4.7 km from the YBF are likely associated with strike-slips, whereas ETLs lying 10.3-11.5 km from the YBF are likely associated with thrust-slips. Within the southern and central parts of the hanging-wall of the YBF, ETLs lying 7.5-8 km from the YBF are likely associated with oblique-slips having roughly equal thrust-and strike-slip components. These interpretations can be investigated further via the application of Fry analysis.
Fry analysis of landslide distribution
Fry points of ETLs on the southern hanging-wall of the YBF exhibit 30°-45°major trends, those on the central hanging-wall exhibit 0°-15°and 30°-45°major trends, and those on the northern hanging-wall exhibit 0°-15°and 60°-75°major trends (Fig. 8a) . Fry points of ETLs on the hanging-wall of the PF, which has geometry and kinematics similar to YBF, exhibit major and minor trends that are closely similar to those on the southern hanging-wall of the YBF. The 30°-45°major trends exhibited by ETLs on the southern and central parts of the hanging-wall of the YBF follow the main strike of this fault and are likely associated with thrust-slips of the YBF. That is because HWs of major thrust (or reverse dip-slip) faults, such as the YBF, usually exhibit imbricate stacking of minor thrust faults that strike parallel to the main thrust fault (e.g. Lacombe et al. 1999 ). The 0°-15°and 60°-75°major trends exhibited by ETLs on the northern hanging-wall of the YBF are likely associated with strike-slips of the YBF. That is because a horizontal r 1 oriented at 30°-45°(i.e. along the strike of YBF) and a horizontal r 3 oriented perpendicular to r 1 would result in Riedel shears or conjugate Riedel shears that strike 0°-15°and/or 60°-75° ( Petit 1987) . Accordingly, the 0°-15°major trends exhibited by ETLs on the central hanging-wall of the YBF are also likely associated with strike-slip components of oblique-slips of the YBF. Likewise, the 0°-15°and 60°-75°m inor trends exhibited by ETLs on the southern hangingwall of the YBF and the 60°-75°minor trends exhibited by ETLs on the central hanging-wall of the YBF (Fig. 8a ) are likely associated with strike-slip components of obliqueslips of the YBF. In contrast, the 30°-45°minor trends exhibited by ETLs on the northern hanging-wall of the YBF are likely associated with minor thrust-slip components of oblique-slips of the YBF. The 150°-165°and 115°-120°minor trends exhibited by ETLs on, respectively, the central and northern hanging-wall of the YBF are possibly associated with minor normal-slip faults, which, although not reported in the hanging-wall of the YBF, are not rare in strike-slip fault systems. Thus, the Fry analyses illustrate that trends in the spatial patterns of ETLs on different parts of the hanging-wall of the YBF are consistent with general knowledge of fault kinematics. In the succeeding paragraphs, we describe results of Fry analyses, using ETLs located 0-15, 0-10 and 0-5 km west and in the 21-km-wide zone of hanging-wall of the YBF, to investigate further our earlier interpretations of the results of distance distribution analysis shown in Fig. 7 .
For ETLs on the southern hanging-wall of the YBF, Fig. 8a-d shows consistency of 30°-45°major trends and gradual increase in frequency of 0°-15°trends from the western boundary of the southern hanging-wall of the YBF to the surface ruptures along the YBF. In particular, ETLs located 0-5 km west and on the southern hanging-wall of the YBF exhibit not only 30°-45°major trends but also 0°-15°major trends. These results and the inference that 0°-15°trends are likely associated with strike-slips, albeit less predominant than thrust-slips, in the southern hanging-wall of the YBF, support our earlier interpretation that ETLs lying 4.4-4.7 km from the YBF are likely associated with strike-slips. The gradual decrease in frequency of 0°-15°m inor trends from the surface ruptures along the YBF to the western boundary of the southern hanging-wall of the YBF also means gradual increase in frequency of 30°-45°m ajor trends along the same direction. This result and the inference that 30°-45°.trends are likely associated with thrust-slips in the southern hanging-wall of the YBF support our earlier interpretation that ETLs lying 10.3-11.5 km from the YBF are likely associated with thrust-slips. The consistency of 30°-45°major trends and the change from 0°-15°major trends to 0°-15°interme-diate trends from the YBF up to 10 km towards the west (Fig. 8c, d ) suggest increasing thrust-slip components of oblique-slips across the width of the southern hanging-wall of the YBF. This inference supports our earlier interpretation that ETLs lying 7.5-8 km from the YBF are likely associated with oblique-slips having thrust-slip components that more likely predominate over strike-slip components.
For ETLs on the central hanging-wall of the YBF, Fig. 8a-d shows consistency of 30°-45°major trends, minor fluctuations of 0°-15°major trends and subtle increase in frequency of 60°-75°minor trends from the western boundary of the central hanging-wall of the YBF to the surface ruptures along the YBF. These results and the inference that 60°-75°trends are likely associated with strike-slips in the central hanging-wall of the YBF support our earlier interpretation that ETLs lying 4.4-4.7 km from the YBF are likely associated with strike-slips. The minor fluctuations of 0°-15°major trends and the subtle decrease in frequency of 60°-75°minor trends from the surface ruptures along the YBF to the western boundary of the central hanging-wall of the YBF (Fig. 8a-d ) also mean subtle increase in frequency of 30°-45°major trends along the same direction. This result and the inference that 30°-45°trends are likely associated with thrust-slips in the central hanging-wall of the YBF support our earlier interpretation that ETLs lying 10.3-11.5 km from the YBF are likely associated with thrust-slips. The consistency of 30°-45°major trends and the subtle decrease in frequency of 60°-75°minor trends from the YBF up to 10 km towards the west (Fig. 8c, d ) suggest increasing thrust-slip components of oblique-slips across the width of the central hanging-wall of the YBF. This inference supports our earlier interpretation that ETLs lying 7.5-8 km from the YBF are likely associated with oblique-slips having more or less equal thrust-and strike-slip components.
For ETLs on the northern hanging-wall of the YBF, Fig. 8a-d shows minor fluctuations of 0°-15°and 60°-75°m ajor trends and subtle decrease in frequency of 30°-45°m inor trends from the western boundary of the northern hanging-wall of the YBF to the surface ruptures along the YBF. These results and the inference that 30°-45°trends are likely associated with thrust-slips in the northern hanging-wall of the YBF support our earlier interpretation that ETLs lying 10.3-11.5 km from the YBF are likely associated with thrust-slips. The subtle increase in frequency of 30°-45°minor trends from the surface ruptures along the YBF to the western boundary of the northern hanging-wall of the YBF also means subtle decrease in frequency of 0°-15°and 60°-75°major trends along the same direction. This result and the inference that 0°-15°a nd 60°-75°major trends are likely associated with strikeslips in the northern hanging-wall of the YBF support our earlier interpretation that ETLs lying 4.4-4.7 km from the YBF are likely associated with strike-slips.
Representation of fault control on susceptibility to landsliding
We applied data-driven estimation of EBFs to create a predictor map representing fault controls on susceptibility to occurrence of ETLs. We used distances from the YBF to locations in the same 240-km-long and 21-km-wide zone of the hanging-wall of the YBF so that the results were directly comparable to the analyses described in the preceding sections. Our aim here was not to derive a predictive map of susceptibility to occurrence of ETLs for policy decisionmaking, so we did not create and integrate predictor maps representing other spatial controls on this phenomenon. However, a predictor map is by itself a predictive map. Thus, its predictive capacity can be evaluated. To do so, we divided the same set of ETLs used in the preceding analyses into two subsets with equal number of ETLs and roughly the same spatial pattern. We achieved that by adding a dummy variable in our database and then labelling the ETLs alternately with '1' and '2'. Earthquake-triggered landslides labelled '1' comprised one subset and those labelled '2' comprised the other subset. One subset (called training subset) of ETLs was used for estimating EBFs and creating a predictor map, whereas the other subset (called validation subset) was used for evaluating the prediction accuracy of a predictor map. The roles of both subsets of ETLs were then reversed for cross-checking of results. We performed these analyses to support our proposition that using classified faults, rather than using unclassified faults, provides for proper spatial representation of fault control as a predictor of susceptibility to occurrence of ETLs.
By classifying parts of the YBF according to style-offaulting based on the analyses described in the preceding sections, we estimated EBFs of classes of 5-percentile interval distances from the YBF in each part of the hanging-wall of this fault. Assuming that parts of the YBF are unclassified according to style-of-faulting, we estimated EBFs of classes of 5-percentile interval distances from the YBF in the 240-km-long and 21-km-wide zone of the hanging-wall of the YBF. If parts of the YBF are classified according to style-of-faulting, values of EBFs with respect to ETLs vary depending on style-of-faulting (Fig. 9a) . The estimated values of Bel suggest that in the southern hanging-wall of the YBF the likelihood of occurrence of ETLs is the lowest, in the central hanging-wall of the YBF intermediate and in the northern hanging-wall of the YBF the highest. This is consistent with what the difference curves in Fig. 7 suggest as discussed earlier. In contrast, if parts of the YBF are unclassified, values of EBFs increase monotonously with increasing distance from the YBF (Fig. 9a) . Variations in values of Bel suggest that areas closest to and farthest from the YBF have, respectively, highest and lowest susceptibility to earthquake-triggered landslide occurrence (Fig. 9a) . A simple visual comparison of the patterns of variations in estimated EBFs (Fig. 9a) with the spatial pattern of ETLs (Fig. 2) suggests that using classified faults results in better spatial representation of fault control on susceptibility to earthquake-triggered landslide occurrence. We applied the technique described by Chung and Fabbri (1999) to evaluate the prediction accuracy of a map of Bel against a validation subset. Cumulative decreasing values of Bel define cumulative increasing proportions of ETL-prone areas, from which cumulative increasing proportions of ETLs in the validation subset can be determined (Fig. 9b) . Proportions of ETLs in a validation subset delineated in ETL-prone areas define the prediction accuracy of a predictor map. If areas covering B30 % of the 240-km-long and 21-km-wide zone of the hanging-wall of the YBF are considered ETL-prone according to certain cut-off values of Bel, there is minimal difference in using classified or unclassified faults (Fig. 9b) . However, if areas covering [30 % of the 240-km-long and 21-km-wide zone of the hanging-wall of the YBF are considered ETL-prone according to certain cut-off values of Bel, the prediction accuracy curve obtained using classified faults is above the prediction accuracy curve obtained using un-classified faults. This illustrates the benefit of classifying faults according to style-of-faulting as explained further below. Fig. 9 Results of representation of style-of-faulting controls on susceptibility to landsliding. a Estimates of evidential belief functions (Bel belief, Dis disbelief, Unc uncertainty) based on distances from classified and unclassified parts of the YBF with respect to earthquake-induced landslide occurrence. b Prediction accuracy curves of maps of Bel obtained by using distance from classified and unclassified parts of the YBF as predictor. c Binary maps of predicted ETL-prone zones based on maps of Bel obtained by using distance from classified and unclassified parts of the YBF as predictor Let us assume that a prediction of 70 % ETL-prone zones in the hanging-wall of the YBF is correct (Fig. 9c) . On the one hand, when distance from unclassified parts of the YBF is used as predictor, the prediction accuracy corresponding to a prediction of 70 % ETL-prone zones is 80 % (Fig. 9b) . The same prediction accuracy can be achieved when distance from classified parts of the YBF is used as predictor, but the predicted ETL-prone zones would be 14 % less. Thus, a prediction of 14 % more ETLprone zones would constitute a false-positive error if we use distance from classified parts of the YBF as predictor. Visual comparison of the predicted ETL-prone zones (Fig. 9c) with the spatial pattern of ETLs (Fig. 2) suggests that the false-positive error obtained by using distance from classified parts of the YBF as predictor pertains mainly to the central parts of the hanging-wall of the YBF. On the other hand, when distance from classified parts of the YBF is used as predictor, the prediction accuracy corresponding to a prediction of 70 % ETL-prone zones is 93 % (Fig. 9b) . The same prediction accuracy can be achieved when distance from unclassified parts of the YBF is used as predictor, but the predicted ETL-prone zones would be 18 % more. Thus, a prediction of 18 % more ETL-prone zones would constitute a false-negative error if we use distance from un-classified parts of the YBF as predictor. Visual comparison of the predicted ETL-prone zones (Fig. 9c) with the spatial pattern of ETLs (Fig. 2) suggests that the false-negative prediction error obtained by using distance from unclassified parts of the YBF as predictor pertains mainly to the southern parts of the hanging-wall of the YBF.
In statistical hypothesis testing, false-positive and falsenegative errors are called Type I and Type II errors, respectively. In evaluating predictive maps of Nat Hazards, Type I error represents overestimation of hazard, whereas Type II error represents underestimation of hazard (Begueria 2006) . It is desirable to have both minimal Type I and Type II errors. It is, however, more desirable to have Type II error lower than Type I error, because it is conceivable that gross underestimation (false-negative error) of landslide hazard, rather than gross overestimation (falsepositive error) of landslide hazard, could potentially result in higher damage to lives and properties. Thus, based on the prediction accuracy curves (Fig. 9b) and visual comparison of the predicted ETL-prone zones (Fig. 9c) with the spatial pattern of ETLs (Fig. 5) , we can say that using classified faults, rather than using unclassified faults, provides for better spatial representation of fault control as a predictor of susceptibility to occurrence of ETLs.
Overall discussion of results Earthquake-triggered landslides are without doubt associated with faults, earthquake faults specifically. However, studies dealing with effects of long-term regional or local deformations, associated with tectonic movements, on landslide formation in a geomorphologic perspective are prolific in the literature (e.g. Alexander and Formichi 1993; Guzzetti et al. 1996; Gupta 2005; Korup et al. 2007 Korup et al. , 2010 ), but there is a paucity of studies on the influence of style-of-faulting on mass wasting processes such as landsliding. Nevertheless, the above-mentioned studies commonly suggest that (1) the effects of tectonics on landslide occurrence differ according to the characteristics (quantity, magnitude, style, etc.) of long-term deformations in any particular region and (2) directions of tectonic stresses significantly control the distribution of landslides. Accordingly, while the principal stress axis in a region determines geometry and style-of-faulting, it also influences, in the long-term, variations in orientations and distributions of landforms and relationships among geomorphic systems. Therefore, although the above-mentioned studies generally focus on the formative effects of landslides in tectonic-dominated landscapes or mountain belts, they implicitly point out that faults or fractures, depending on the characteristics of deformation, influence selective erosion processes and control the occurrence, density and distribution of landslides.
There is, however, a paucity of published studies (at least in English journals) about the relationship between the spatial pattern of ETLs and style-of-faulting. One likely reason for that is most earthquake faults were 'single-slip' (dextral, sinistral, normal, reverse or thrust) and some were oblique-slip. For example, among the 224 earthquake faults listed in Wells and Coppersmith (1994) , which occurred between 1856 and 1993, 75 % were single-slip and 25 % were oblique-slip. In addition, the following earthquakes that occurred in the last decade and triggered landslides were also mainly either reverse-or thrust-slip: 1999 ChiChi earthquake, Taiwan (Huang et al. 2001; Shou and Wang 2003; Khazai and Sitar 2004; Chang et al. 2005) ; 2002 Avaj earthquake, Iran (Mahdavifar et al. 2006) ; 2004 Niigata Ken Chuetsu earthquake, Japan (Sato et al. 2005; Chigira and Yagi 2006; Kieffer et al. 2006; Wang et al. 2008a, b) ; and 2005 Kashmir earthquake, Pakistan (Owen et al. 2008) . The 2002 earthquake in Alaska that triggered landslides was associated with the Denali fault, which is one of the longest strike-slip systems in the world , although during the earthquake slips along the fault rupture were oblique-slips with predominant strikeslip components Dreger et al. 2004; Velasco et al. 2004) . Nevertheless, several other factors influence the spatial pattern of ETLs around earthquake faults (e.g. see references cited in the second paragraph of the Introduction). Thus, in spite of the disaster brought about by the 2008 Wenchuan earthquake, the associated Yingxiu-Beichuan fault, which had mainly thrust-slips in the south to mainly dextral strike-slips in the north, provided the opportunity to examine the spatial pattern of ETLs with respect to style-of-faulting.
To examine the spatial pattern of ETLs with respect to style-of-faulting, we had to adapt the co-seismic rupture boundary defined by Shen et al. (2009) on the hanging-wall of the Yingxiu-Beichuan fault as a reference area (Fig. 5 ). This strategy of using a reference area to analyse the spatial pattern of landslides triggered by that earthquake was demonstrated by Keefer (2000) . The logic of studying the distribution of ETLs on the hanging-wall of faults is based on findings that, during earthquakes, ground motions are stronger on the hanging-wall than on the footwall of a dipping earthquake fault (Abrahamson and Somerville 1996; Yu and Gao 2001; Ulusay et al. 2004 ). The proposed explanation for those observations is asymmetry of distribution of seismic energy as a function of fault geometry (Oglesby and Day 2002; Beavan et al. 2012; Shi and Day 2013; Gabuchian et al. 2014) , although that is usually not the case because attenuation of ground motion is also a function of style-of-faulting (Campbell 1981; Abrahamson and Silva 1997; Bommer et al. 2003) . Nevertheless, studies have shown that ground motions on the hanging wall were stronger than on the footwall of the Yingxiu-Beichuan fault Lu et al. 2010) . Thus, using the co-seismic rupture boundary defined by Shen et al. (2009) on the hanging-wall of the Yingxiu-Beichuan fault as a reference area is justified in our study.
As stated earlier in ''Distance distribution analysis of landslide distribution'' section, the traditional way of describing the spatial pattern of landslides by counting the number or calculating the percentage of landslides (depicted as points) per square kilometre of reference area is inadequate for examining control of style of earthquake faults on the spatial pattern of ETLs. Therefore, we applied the distance distribution analysis (Berman 1977 (Berman , 1986 for quantifying spatial dependence of a point process on another stochastic process. This method has only been used recently by to study landslide controls, but it has been employed extensively in studies of mineralization controls (e.g. Bonham-Carter 1985; Carranza and Hale 2002; Carranza et al. 2008a) . In the present study, we applied distance distribution analysis not only because it is a probabilistic method but also because (a) distance to fault is suitable for ground motion attenuation analysis (Campbell 1981 (Campbell , 1997 , (b) variations in ground motion are influenced by the style of earthquake faults (Campbell 1981; Bommer et al. 2003) and (c) ground motion is a factor of ETLs (Jibson and Keefer 1993; Miles and Ho 1999) . To support the results of distance distribution analysis, we applied Fry analysis (Fry 1979) for investigating strain and strain partitioning in rocks. Likewise, Fry analysis has only been used recently by to study landslide controls, but it has been employed extensively to deduce trends of structures controlling mineralization (e.g. Vearncombe and Vearncombe 1999; Carranza 2009 Carranza , 2011 Carranza et al. 2009; Carranza and Sadeghi 2010) and geothermal fields (Carranza et al. 2008b) as well as to infer post-mineralization deformation (Carranza and Sadeghi 2014) . As shown by , distance distribution analysis and Fry analysis are complementary and supplementary methods that can be used in conjunction with one another to investigate certain controls on landsliding. Distance distribution analysis is useful in determining optimum range of distance between ETLs and a fault (or a set of faults), which indicates that the former are spatially dependent on the latter. Fry analysis is useful in determining trends in the spatial pattern of ETLs, which allow deduction of style-of-faulting. We also show this here by revisiting to summarize the results of analyses with regard to the two research questions brought out in the Introduction.
Regarding the first research question, the distance distribution analyses (Figs. 6, 7) suggest that the spatial pattern of ETLs allows partitioning of a fault in terms of predominant style-of-faulting. Of course, we have a priori knowledge of variations in style-of-faulting along the Yingxiu-Beichuan fault, which may have led us to interpret the results as such. This illustrates, however, the importance of mapping and classification of faults, active faults in particular, in tectonically mobile belts or regions of high seismicity where earthquakes frequently occur. Granted that a priori knowledge of style-of-faulting and coseismic fault plane boundary are lacking, we can still examine the spatial pattern of ETLs to determine whether a mapped but unclassified fault can be partitioned according to predominant style-of-faulting along that fault. To do so, distance distribution analysis must be performed on either side of that fault by using a reference area that extends in a direction perpendicular to that fault and covers all earthquake-triggered on one side that fault. As example, Fig. 10 shows results for the west side of the Yingxiu-Beichuan fault that are similar to those shown in Fig. 6 . Therefore, if we proceed further with the same analyses described in ''Distance distribution analysis of landslide distribution'' section and shown in Fig. 6 , and if we synthesize results from each side of the fault, we would likely reach similar interpretations about where to partition a fault in terms only of plausible predominant style-of-faulting based on variations in the spatial patterns of ETLs. To support such interpretations, we have to perform distance distribution analysis for different parts of a fault as described in ''Distance distribution analysis of landslide distribution'' section and shown in Fig. 7 .
Note, however, that the distance distribution analyses shown in Figs. 6 and 7 describe the spatial pattern of ETLs with respect to not only style-of-faulting but also distance from epicentre. For the analyses shown in Fig. 10 , we may assume lack of a priori knowledge of epicentre location such that we have less argument for partitioning a fault in terms of plausible predominant style-of-faulting based on variations in the spatial patterns of ETLs. Nevertheless, if we were to perform Fry analysis for the same parts of that fault, as described earlier in ''Fry analysis of landslide distribution'' section and shown in Fig. 8a-d , we would likely obtain trends in the spatial pattern of ETLs that are likely associated with style-of-faulting as discussed above. Thus, to examine the spatial pattern of ETLs with respect to style-of-faulting, distance distribution analysis and Fry analysis must be applied in conjunction with each other rather than to apply just one of them.
Regarding the second research question, the results of distance distribution analyses shown in Fig. 7 and the results of Fry analyses shown in Fig. 8a-d suggest that the spatial pattern of ETLs varies with respect to the predominant style-of-faulting. The results, as discussed earlier in ''Distance distribution analysis of landslide distribution'' and ''Fry analysis of landslide distribution'' sections, suggest that ETLs associated with thrust-slips mostly occur farther away from the earthquake fault, whereas ETLs associated with strike-slips mostly occur closer to the earthquake fault. These findings cohere with the knowledge that attenuation of ground motion is a function of style-offaulting (Campbell 1981; Abrahamson and Silva 1997; Bommer et al. 2003) . However, the findings must be crossexamined further in relation to fault geometry because (a) the mainly thrust-slip southern part of the YingxiuBeichuan fault has a different geometry than its mainly strike-slip northern part (Fig. 3) and (b) attenuation of ground motion is also a function of fault geometry (Oglesby and Day 2002; Beavan et al. 2012; Shi and Day 2013; Gabuchian et al. 2014) . In addition, the findings must be cross-examined further in relation to other factors that influence variations in ground motion (see Campbell (1981 Campbell ( , 1997 ). Nevertheless, the results of analyses support our hypothesis that the spatial pattern of ETLs is influenced by style-of-faulting. In addition, we have shown in ''Representation of fault control on susceptibility to landsliding'' section that using classified faults, rather than using unclassified faults, provides for better spatial representation of fault control as a predictor of susceptibility to occurrence of ETLs.
If we were to choose an area for cross-comparing our findings for the hypothesis that we have examined, we would chose the area wherein the 3 November 2002 M w 7.9 Alaska earthquake occurred. The reasons for this choice are: (a) the terrain characteristics of that area are similar to those in the Wenchuan area; (b) that earthquake has the same magnitude as the 12 May 2008 Wenchuan earthquake; (c) the 300-km-long rupture generated along the Denali fault by that earthquake is, on a regional-scale, similar to the 240-km-long rupture generated along the Yingxiu-Beichuan fault by the 12 May 2008 Wenchuan earthquake; and (d) the landslides triggered by that earthquake were concentrated mostly in a roughly 30-km-wide zone around the surface rupture (Eberhart-Phillips et al. 2003; Jibson et al. 2006) . However, compared with tens of thousands of landslides triggered by the 2008 Wenchuan earthquake, only thousands of landslides were triggered by the 2002 Alaska earthquake (Harp et al. 2003; Jibson et al. 2004 Jibson et al. , 2006 Kayen et al. 2004 ). In addition, unlike the variable slips along the Yingxiu-Beichuan fault during the 12 May 2008 Wenchuan earthquake, the slips along the Denali fault during the 3 November 2002 were oblique with predominant strike-slip components Dreger et al. 2004; Velasco et al. 2004) . We believe that these similarities and differences between surface ruptures and associated landslides linked to the 2002 Alaska and 2008 Wenchuan earthquakes are instructive in increasing our understanding of the relationship between spatial patterns of ETLs and styles of earthquake faults. In turn, better understanding of that relationship is essential for proper spatial representation of landslide controls in predictive modelling of areas susceptible to earthquaketriggered landsliding.
Predictive modelling of areas susceptible to occurrence of ETLs (or landslides triggered by other phenomenon) can be categorized into two types-mechanistic and empirical (Harbaugh and Bonham-Carter 1970) . On the one hand, mechanistic modelling applies fundamental or theoretical knowledge of processes and their interactions to predict or understand the system of interest. Examples of mechanistic modelling of susceptibility to occurrence of ETLs are those that apply Newmark's (1965) sliding block or displacement method (e.g. Wilson and Keefer 1985; Miles and Ho 1999; Wang and Lin 2010; Wu and Tsai 2011) . The Newmark analysis, which is suitable for sitespecific modelling of seismic hazard as applied in California for seismic safety (CGS 2008) , makes use of peak ground acceleration data related not to style-of-faulting but to earthquake epicentre location and slope. On the other hand, empirical modelling characterizes or quantifies the influence of one or more underlying processes, which are known insufficiently or indirectly, on the behaviour of the system of interest. Examples of empirical modelling of susceptibility to occurrence of ETLs, such as those cited in the first paragraph of the Introduction (e.g. Jaafari et al. 2014; Pourghasemi et al. 2014; Regmi et al. 2014) , are data driven, meaning that they are based on empirical analysis of spatial relationships between occurrences of ETLs and various spatial factors. In contrast, Miles and Keefer (2007) developed CAMEL (comprehensive areal model of earthquake-triggered landslides) for knowledgedriven regional-scale empirical analysis in a GIS. Miles and Keefer (2009) further developed CAMEL to allow integration of Newmark's (1965) displacement model. Although our present study involves data-driven empirical spatial analysis, the new knowledge gained from the analyses of spatial pattern of ETLs with respect to style-offaulting in the Wenchuan area is likely to be beneficial in the application of CAMEL. In addition, the knowledge that the spatial pattern of ETLs is influenced by style-offaulting bears the importance of mapping and classification of faults in predictive mapping of susceptibility to occurrence of not only ETLs but also other types of structurally controlled landslides.
Conclusion
The salient conclusions that can be drawn from the present study are the following. The Yingxiu-Beichuan fault rupture and the tens of thousands of landslides that were associated with the 2008 Wenchuan earthquake provided the opportunity to carry out the study because the style-offaulting along that fault, from its southern to northern parts, varied from mainly thrust-slip to mainly strike-slip. Distance distribution analysis and Fry analysis are complementary and supplementary methods that can be used in conjunction with one another to study the spatial pattern of earthquake-triggered landslides in relation to style-of-faulting. Analysis of the spatial pattern of earthquaketriggered landslides allows classification of segments of the associated earthquake fault in terms of predominant styleof-faulting. The spatial patterns of earthquake-triggered landslides vary with respect to predominant style-of-faulting along the earthquake fault. On the hanging-wall of Yingxiu-Beichuan fault, earthquake-triggered landslides lying mostly at 10.3-11.5 km from the fault are likely associated with thrust-slips, earthquake-triggered landslides lying mostly at 7.5-8 km from the fault are likely associated with oblique-slips, and earthquake-triggered landslides lying mostly at 4.4-4.7 km from the fault are likely associated with strike-slips. Therefore, earthquaketriggered landslides associated with thrust-slips mostly occur farther away from the earthquake fault, whereas earthquake-triggered landslides associated with strike-slips mostly occur closer to the earthquake fault. Classification of faults according to style-of-faulting is crucial in predictive mapping of susceptibility to occurrence of earthquake-triggered landslides. The spatial pattern of earthquake-triggered landslides is influenced by style-offaulting. This proposition requires further examination in other areas. Further studies are needed to cross-examine the findings here in relation to fault geometry and other factors that influence variations in ground motions associated with earthquake faults.
